Epidemiologic studies of hearing loss in adults have demonstrated that the odds of hearing loss are substantially lower in black than in white individuals. The basis of this association is unknown. We hypothesized that skin pigmentation as a marker of melanocytic functioning mediates this observed association and that skin pigmentation is associated with hearing loss independent of race/ethnicity. We analyzed cross-sectional data from 1,258 adults (20-59 years) in the 2003-2004 cycle of the National Health and Nutritional Examination Survey who had assessment of Fitzpatrick skin type and pure-tone audiometric testing. Audiometric thresholds in the worse hearing ear were used to calculate speech-(0.5-4 kHz) and high-frequency (3-8 kHz) pure-tone averages (PTA). Regression models were stratified by Fitzpatrick skin type or race/ethnicity to examine the association of each factor with hearing loss independent of the other. Models were adjusted for potential confounders (demographic, medical, and noise exposure covariates). Among all participants, race/ethnicity was associated with hearing thresholds (black participants with the best hearing followed by Hispanics and then white individuals), but these associations were not significant in analyses stratified by skin color. In contrast, in race-stratified analyses, darker-skinned Hispanics had better hearing than lighterskinned Hispanics by an average of −2.5 dB hearing level (HL; 95% CI, −4.8 to −0.2) and −3.1 dB HL (95% CI, −5.3 to −0.8) for speech and high-frequency PTA, respectively. Associations between skin color and hearing loss were not significant in white and black participants. Our results demonstrate that skin pigmentation is independently associated with hearing loss in Hispanics and suggest that skin pigmentation as a marker of melanocytic functioning may mediate the strong association observed between race/ethnicity and hearing loss.
INTRODUCTION
Epidemiologic studies of large population-based cohorts have consistently demonstrated lower rates of hearing loss among black than white participants with the odds of hearing loss generally 40-60% lower in black individuals (Cooper 1994; Helzner et al. 2005; Lin et al. 2011b ). These findings have also been corroborated in smaller epidemiological studies that have investigated rates of hearing loss in workers exposed to similar levels of occupational noise. In these studies of firefighters (Jerger et al. 1986 ) and metal fabricating workers (Ishii and Talbott 1998), black workers had lower rates of hearing loss compared with white workers. These latter findings among black and white adults of similar occupational and socioeconomic background suggest a possible biological basis for the association of race with hearing loss susceptibility.
A number of mechanisms may be theoretically implicated in the observed association between race and hearing loss. Melanocytes, which produce the melanin pigment that determines skin color (Taylor 2002) , are present in both the skin and cochlea, and one temporal bone histology study has suggested that there may be concordance in the degree of skin and cochlear pigmentation (Wolff 1931) . Increased melanin in the inner ear may subsequently protect the cochlea against age-related cellular declines and hearing loss in darkerskinned individuals (Hood et al. 1976; Attias and Pratt 1985; Ohlemiller et al. 2009a, b) . Other factors that could be possibly associated with race such as differences in noise exposure or in genetic determinants of hearing loss could also explain the epidemiologic association of race and hearing loss (Lin et al. 2011b) .
The objective of the current study was to determine if skin color is associated with hearing loss independent of race/ethnicity. We hypothesized that darker skin color as characterized by Fitzpatrick skin type is associated with better hearing (lower hearing thresholds) independent of race, and conversely that race/ethnicity is not associated with hearing loss after adjustment for skin color. Determining whether skin color and hence melanocytic functioning is independently associated with hearing loss may provide new insights into the pathophysiology and treatment of hearing loss.
METHODS

Study cohort
The National Health and Nutritional Examination Surveys (NHANES) are an ongoing program of studies designed to assess the health, functional, and nutritional status of the civilian, non-institutionalized US population. Each sequential cross-sectional study uses a complex sampling design to survey a sample of the population, with selective oversampling of lowincome individuals, racial minorities, and older adults. Sampling weights allow for analyses that account for the complex sampling survey and yield results that are generalizable to the US population (Centers for Disease Control and Prevention 2005) .
We used data from the 2003-2004 cycle, the only cycle in which both audiometric and dermatologic testing were conducted concurrently as part of the medical examination component of the NHANES protocol. Audiometric examinations were administered to half of all adult NHANES study participants 20-69 years, and dermatologic examinations were administered to all participants 20-59 years.
Audiometric assessment
Audiometry was performed by a trained examiner according to established NHANES protocols (Centers for Disease Control and Prevention 2004b). Briefly, air conduction hearing thresholds were obtained from both ears in a dedicated, sound-isolating room in the mobile examination center. Testing was conducted according to a modified Hughson Westlake procedure using the automated testing mode of the audiometer (Interacoustics AD226) and/or manually per the testing protocol. Quality assurance and quality control were established through daily calibration of equipment and monitoring of ambient noise levels using a sound level meter. The audiometric test room met or exceeded ANSI S3.1-1991 guidelines for maximum permissible ambient noise levels. Air conduction stimuli were presented primarily through supra-aural earphones (TDH 39P). Insert earphones (ER3A) were reserved for cases of collapsing ear canals or for a cross-over retesting protocol in cases of asymmetric hearing loss (masking was not performed). As an additional quality measure, thresholds were measured twice at 1 kHz in both ears, and audiometry was repeated if there was 910 dB discrepancy between the threshold measurements. Hearing thresholds from 0.5 to 8 kHz in the worse hearing ear, using the first threshold tested at 1 kHz and incorporating manual re-test thresholds as needed were used in all analyses. A speech-frequency PTA was defined as an average of hearing thresholds at 0.5, 1, 2, and 4 kHz and a high-frequency PTA was defined as an average of hearing thresholds at 3, 4, 6, and 8 kHz in the worse hearing ear. All hearing thresholds in this manuscript are reported as dB hearing level (HL) (ANSI 2004) .
Dermatologic assessment
The dermatologic exam in NHANES consisted of four images of each study participant taken using a highresolution digital camera (Nikon DCS 760) under standardized studio photographic conditions in a customized dermatology exam room of the NHANES mobile examination center (Centers for Disease Control and Prevention 2004a, 2004c) . Photographed body sites included the participant's back, elbows, inner arm, front of legs and hands, and back of legs with palms. Image quality control measures were initiated before every session by capturing an image of a color card comprising 24 scientifically prepared colored squares. Images were digitized and delivered weekly to two dermatologists who reviewed all images for various dermatologic conditions (Fitzpatrick skin type, psoriasis, and dermatitis).
The Fitzpatrick classification is the most common method of classifying skin type (Fitzpatrick 1988; Roberts 2009 ). Two dermatologists (readers 1 and 2) blinded to demographic and racial data on study participants rated the standardized photographs according to the following established Fitzpatrick scale:
1. Always burns, never tans (pale white skin) 2. Always burns easily, tans minimally (white skin) 3. Burns moderately, tans uniformly (light brown skin) 4. Burns minimally, always tans well (moderate brown skin) 5. Rarely burns, tans profusely (dark brown skin) 6. Never burns (deeply pigmented dark brown to black skin)
A priori, we chose to use Fitzpatrick ratings from reader 2 in all analyses in order to maintain the consistency of the ordinal Fitzpatrick scale across all analyses. Agreement between readers 1 and 2 was moderate (absolute agreement, 61.9%; kappa=0.46). Ratings from reader 1 were used in a final set of analyses in order to confirm the consistency of our findings.
Other study variables
Data on demographic variables, history of noise exposure, and medical history were obtained from interviews. Self-reported race/ethnicity was grouped as non-Hispanic white (white), non-Hispanic black (black), or Mexican-American/other Hispanic (Hispanic). Education and household income were collapsed into a fourand three-level variable, respectively (Table 1) . Variables related to medical history included diabetes (based on self-reported diagnosis and/or current use of insulin or other diabetic medications), smoking (current/former/ never), hypertension (told by physician on two or more visits about hypertension diagnosis), and stroke (selfreported history). Noise exposure history incorporated assessment (yes/no) of firearm use ("Have you ever used firearms for target shooting, hunting, or other purposes?"), occupational noise ("Have you ever had exposure to loud noise for ≥5 h/week?"), and leisure noise ("Have you ever had exposure to steady loud noise or music for ≥5 h/week?").
Statistical analysis
We accounted for the complex sampling design in all analyses by using sample weights according to National Center for Health Statistics guidelines except for Table 1 (Guidelines). The purpose of Table 1 was only to give descriptive statistics on the characteristics of the study cohort rather than nationally generalizable estimates and hence weights were excluded. The significance of proportional differences in factors across racial/ethnic groups was determined with a Chi-square test. Audiograms were plotted using unadjusted, weighted mean estimates of hearing thresholds at each pure-tone frequency. Linear regression analyses were used to investigate the association between hearing thresholds at each pure-tone frequency or PTA and the covariate(s) of interest while adjusting for potential confounders. The β-coefficients from these regressions are interpreted as the average difference in hearing threshold (in dB HL, positive values indicate greater hearing loss and negative values indicate less hearing loss) per unit difference in the studied covariate. Per NCHS guidelines, the Taylor Series Linearization method was used for variance estimation. All analyses were conducted using STATA 11.0 (StataCorp, College Station, TX) and R version 2.12.0 (R Foundation, Vienna, Austria), and two-sided p values of G.05 were considered statistically significant.
RESULTS
Study cohort
Demographic, medical, and noise exposure characteristics differed across self-reported racial/ethnic groups with white participants generally having higher education and income, and greater noise exposure than black or Hispanic participants (Table 1) . Fitzpatrick skin type also varied by racial/ethnic grouping with white individuals primarily classified as Fitzpatrick 2-3, black individuals as Fitzpatrick 5-6, and Hispanic individuals as Fitzpatrick 3-4.
Hearing loss by race/ethnicity
The mean audiograms for each racial/ethnic group are displayed in Figure 1 . Hearing thresholds for pure tones from 3 to 8 kHz differed significantly by race/ethnicity with black participants, on average, having the best hearing (lowest hearing thresholds) followed by Hispanics and then white individuals having the worse hearing (greatest hearing thresholds) after adjusting for all demographic (age, sex, education, and income), medical, and noise exposure covariates.
Hearing loss by Fitzpatrick skin type
Mean audiograms stratified by Fitzpatrick skin type demonstrated that individuals with darker skin types generally had better hearing than individuals with lighter skin types with significant associations between skin type and hearing thresholds observed at 4 and 6 kHz (Fig. 2a) . Collapsing Fitzpatrick skin type into a binary variable (Fitzpatrick types 1-3 versus 4-6) demonstrated stronger associations between Fitzpatrick skin type and hearing thresholds. Mean audiograms from those participants with darker skin (Fitzpatrick 4-6) had better hearing thresholds across all pure-tone frequencies after adjustment for demographic (age, sex, education, and income), medical, and noise exposure covariates (Fig. 2b) .
Association of race/ethnicity with hearing loss independent of skin color
In order to characterize the association of race/ ethnicity with hearing loss independent of skin color, we stratified our analyses by Fitzpatrick skin type (Table 2 ). In contrast to the strong association between race/ethnicity and hearing loss in unstratified analyses (Fig. 1) , there was no consistent association between race/ethnicity and speech-or high-frequency PTA after stratification by skin color (Table 2 ) and adjustment for demographic (age, sex, education, and income), medical, and noise exposure covariates.
Association of skin color with hearing loss independent of race/ethnicity
The association of Fitzpatrick skin type and hearing loss was examined in race-stratified analyses to determine the effects of skin color independent of race.
Within each race/ethnicity, individuals were stratified into a lighter and darker group by using a Fitzpatrick cutpoint that would divide the subcohort into two approximately equal-sized groups. Hispanic individuals were stratified by Fitzpatrick 1-3 (n=173) and Fitzpatrick 4-6 (n=122), white individuals by Fitzpatrick 1-2 (n=296) and Fitzpatrick 3-4 (n=377; the one individual of white race assigned a Fitzpatrick skin type of 6 was excluded), and blacks by Fitzpatrick 2-5 (n=75) versus Fitzpatrick 6 (n=214). For Hispanic-stratified analyses, the darker skin group had consistently better hearing than the FIG. 1. Mean Audiograms by Race/Ethnicity. The significance of the association of racial/ethnic category with each pure tone is denoted by astericks (*P G .05; ** P G .01; ***P G .001) based on regression models adjusting for all demographic (age, sex, education, income), medical (diabetes, smoking, hypertension, stroke), and noise (work, leisure, firearm) exposure covariates.
FIG. 2. Mean Audiograms by Fitzpatrick Skin Type (A) Mean
audiograms by Fitzpatrick skin type 1-6. (B) Mean audiograms by binary Fitzpatrick skin type (type 1-3 vs. 4-6). The significance of the association of categorical Fitzpatrick skin type with each pure tone threshold is denoted by astericks (+ P G .10; * P G .05; ** P G .01; *** P G .001) based on models adjusting for all demographic (age, sex, education, income), medical, and noise exposure covariates.
lighter-skinned group for both speech-frequency (p = .04) and high-frequency PTA (p = .01) after adjustment for demographic (age, sex, education, and income), medical, and noise exposure covariates. In this adjusted analysis, Hispanics with darker skin had on average hearing thresholds that were better by −2.5 dB HL (95% CI, −4.8 to −0.2) and −3.1 dB HL (95% CI, −5.3 to −0.8) for speech-and high-frequency PTA, respectively, than Hispanics with lighter skin. We confirmed these results using Fitzpatrick skin ratings from reader 1, and the findings were qualitatively unchanged (c.f. Table 3 ) with the exception that these results only approached significance (p=.09 and .07 for speechand high-frequency PTA, respectively). Associations between darker skin color and better hearing were not significant in white and black individuals (Table 3) . β-Coefficients represent the mean difference in PTA between the specified racial/ethnic group and white participants (reference) after adjustment for demographic (age, sex, education, and income), medical, and noise exposure covariates
TABLE 3
Association of speech-frequency and high-frequency pure-tone averages (PTA) with skin color after stratification by race/ethnicity Speech-frequency PTA (0.5-4 kHz) High-frequency PTA (3-8 kHz)
β (95% CI) dB HL P β (95% CI) dB HL P We performed additional analyses to test whether age moderates the association between skin color and hearing loss by stratifying analyses in Table 3 by age (20-39 years versus 40-59 years). In Hispanics, darker skin color was associated with better hearing in the older cohort with mean PTA differences greater than seen in the pooled age sample in Table 3 . Darkerskinned older Hispanics (40-59 years) had on average hearing thresholds that were better by −4.6 dB (95% CI, −8.5 to −0.62, p=.03) and −5.5 dB (95% CI, −11.6 to 0.59, p=.07) for speech-frequency and high-frequency PTA, respectively, than lighter-skinned older Hispanics. Skin color was not associated with hearing thresholds in younger Hispanics or in younger or older white and black individuals (data not shown).
DISCUSSION
Summary of findings
In this study using nationally representative NHANES data from 2003 to 2004, darker skin color as assessed by Fitzpatrick skin type was independently associated with better hearing thresholds in Hispanic individuals. In contrast, race/ethnicity was not associated with hearing thresholds after stratification by skin color. These results provide preliminary evidence that skin color is independently associated with hearing loss and that skin color as a marker of melanocytic functioning may mediate the strong association between race and hearing loss observed in previous epidemiological studies.
Potential mechanistic pathways
The findings from this study contribute to the literature examining the association between race and hearing loss. Previous reports from large epidemiological studies (Cooper 1994; Helzner et al. 2005; Agrawal et al. 2008; Lin et al. 2011a, b) and from smaller case-control studies of workers with occupational noise exposure (Jerger et al. 1986; Ishii and Talbott 1998) have consistently demonstrated better hearing thresholds in black compared with white participants. A number of explanatory factors may be theoretically implicated to explain the observed association between race and hearing loss in these studies. An earlier study conducted in 1931 has suggested that there may be concordant skin and cochlear pigmentation (Wolff 1931) with increased cochlear melanin pigmentation being associated with protection against hearing loss (Ohlemiller et al. 2009a ). Alternatively, inter-racial/ethnic differences in autosomal or mitochondrial genetics not associated with skin color could also impart differential susceptibility to hearing loss. Finally, racial disparities in environmental factors such as noise exposure could also explain the observed association.
The findings of the current study suggest that skin color and hence melanocyte functioning may be the mechanism underlying the association between race and hearing loss. The melanin produced by strial melanocytes (intermediate cells) in the cochlea has been hypothesized to serve a protective role as a free radical scavenger, metal chelator, or regulator of calcium homeostasis in the stria vascularis, which is involved with generating and maintaining the endolymphatic potential necessary for normal hearing (Riley 1997; Murillo-Cuesta et al. 2010) . A recent study has also demonstrated that deficiency in strial melanin is associated with marginal cell loss and decline in the endocochlear potential (Ohlemiller et al. 2009a) . Melanin is also present throughout other parts of the cochlea including the Organ of Corti and modiolus (Wolff 1931) raising the possibility that melanin could exert effects beyond the stria vascularis. The role of melanocytes serving a protective role in the inner ear is supported by other studies that have demonstrated that individuals with lighter irises (as an indicator of cochlear pigmentation) (Bonaccorsi 1965; Hood et al. 1976; Attias and Pratt 1985; Barrenas and Hellstrom 1996) or with albinism or other pigmentary abnormalities are at increased risk for hearing loss (Creel et al. 1980; Garber et al. 1982; Toriello 2002; Hong et al. 2009) .
Race-stratified analyses demonstrated that darker-skinned Hispanics had significantly better hearing than lighter-skinned Hispanics, but no consistent associations between skin color and hearing loss were observed in white or black individuals. There are several possible explanations for this lack of association in white and black racestratified analyses. First, there may be a non-linear threshold effect in the association of skin color with hearing loss such that only the darkest skin types (i.e., Fitzpatrick 4-6) are uniformly associated with better hearing. Consequently, an association between skin type and hearing loss would only be observed among Hispanics, among whom there are a sufficient number of individuals of both binary Fitzpatrick skin types. A second possibility is that skin color ratings by Fitzpatrick skin type are insufficiently precise to clearly distinguish between individuals of similar tonal skin color. As a result, in whites and blacks, among whom there is greater homogeneity in skin color compared with Hispanics (Table 1) , the use of the Fitzpatrick scale may not precisely distinguish between individuals of different skin color. This misclassification would tend to bias any association of skin color with hearing loss toward the null hypothesis. Finally, the association of darker skin color with better hearing in Hispanics may itself be spurious and an example of a Type 1 error. However, the observed finding in Hispanics was consistent with our a priori hypothesis.
Association of skin color with cochlear histology
There has been little research examining the structural and functional characteristics of the cochlea in darker versus lighter-skinned individuals. Such studies are dependent on temporal bone histopathologic specimens, and most existing temporal bone collections do not contain information on race (personal communication with S. Merchant). One study published in 1931 demonstrated a concordance of black race with increased melanocytic pigmentation in the cochlea based on light microscopy (Wolff 1931), but results from this study are methodologically limited. To the authors' knowledge, no further studies have investigated the role of race and skin color with human cochlear histopathology. Animal studies have typically served as an adjunctive approach to studying this question, but the association of coat color, cochlear pigmentation, and hearing loss in mice and other animal models remains unclear (Conlee et al. 1986 (Conlee et al. , 1988 (Conlee et al. , 1989 (Conlee et al. , 1994 Bartels et al. 2001; Ohlemiller et al. 2009a, b) . However, many of these prior experiements have been confounded by comparing animals of different genetic backgrounds, and recent work using coisogenic mouse strains has demonstrated that the absence of strial melanin is strongly associated with marginal cell loss and endocochlear potential decline (Ohlemiller et al. 2009a) . Further research analyzing human temporal bone specimens with electron microscopic and immunohistochemical techniques will be needed to definitively determine the structural differences in cochlear histopathology between darker and lighter-skinned individuals and to further refine these hypotheses.
Limitations
This study has limitations. The Fitzpatrick scale relies on a dermatologist's review of a series of digital photographs and may be imprecise, particularly when distinguishing between individuals of similar tonal skin color. However, a non-differential misclassification of participants' skin color would likely bias any observed results toward the null hypothesis, whereas we found strong associations between skin color and hearing loss in Hispanics. These results were also generally consistent regardless of whether skin type ratings from reader 1 or 2 were used. Further research using a quantitative method of skin color assessment that directly reflects skin melanin content (Gonzalez et al. 2010 ) will be needed to characterize the exact nature of the association between skin color and hearing loss. Residual confounding by other environmental or demographic variables or by inaccurate assessment of self-reported noise exposure is also a possibility. However, we have adjusted for those factors known to be associated with hearing loss, and the association with skin color remains robust.
CONCLUSION
The possibility of concordant skin and cochlear melanocyte functioning underlying the basis of black individuals having a substantially lower odds of hearing loss is intriguing. This finding may open the door to pharmacologically targeting cochlear melanocytes (intermediate cells) to possibly prevent or delay age-related hearing loss. Synthetic analogs of melanocyte stimulating hormone (MSH) have already been developed for human use (Abdel-Malek 2010) , and animal studies have demonstrated a protective role of MSH against ototoxicity from cisplatin in which the mechanism remains unclear (Wolters et al. 2003 (Wolters et al. , 2004 . Current advances in administering drugs directly to the middle and inner ear via transtympanic injections (Bowe and Jacob 2010) also raise the possibility of precisely targeting pharmacological agents to the inner ear without systemic effects.
